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programs, specializing in advanced military space systems. The Corporation's Technology
Operations supports the effective and timely development and operation of national security
systems through scientific research and the application of advanced technology. Vital to the
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Electronics Technology Center: Microelectronics, solid-state device physics,
VLSI reliability, compound semiconductors, radiation hardening, data storage
technologies, infrared detectc_ devices and testing; electro-optics, quantum electronics,

solid-state lasers, optical propagation and communications; cw and pulsed chemical
laser development, optical resonators, beam control, atmospheric propagation, and
laser effects and countermeasures; atomic frequency standards, applied laser
spectroscopy, laser chemistry, laser optoelectrouics, phase conjugation and coherent
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composites, and new forms of carbon; development and analysis of this films and
deposition techniques; nondestructive evaluation, component failure analysis and
reliability; fracture mechanics and stress corrosion; development and evaluation of
hardened components; analysis and evaluation of materials at c_ogenic and elevated
temperatures; launch vehicle and reentry fluid mechanics, heat transfer and flight
dynamics; chemical and electric propulsion; spacecraft structural mechanics,
spacecraft survivability and vulnerability assessment; contamination, thermal and

structural control; high temperature thermomechanics, gas kinetics and radiation;
lubrication and surface phenomena.

Space and Environment Technology Center: Magnetospheric, auroral and
cosmic ray physics, wave-particle interactions, magnetospheric plasma waves;
atmospheric and ionospheric physics, density and composition of the upper
atmosphere, remote sensing using atmospheric radiation; solar physics, infrared
astronomy, infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere; effects
of electromagnetic and particulate radiations on space systems; space instmmemation;
propellant chemistzy, chemical dynamics, environmental chemistry, trace detection;

atmospheric chemical reactions, atmospheric optics, light scattering, state-specific
chemical reactions and radiative signatures of missile plumes, and sensor out-of-field-
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Association Between Tail Substorm Phenomena

and Magnetic Separation Distortion

L. R. LYONS

Space Sciences Laboratory, The Aerospace Corporation, Los Angelex, CA 90009

Important geomagnetic-tail phenomena have been observed to occur in association with substorm expansion
phases. Often attributed to Ihe _lematic development and movement of a substorm neutral line, these phenome-
na include plasma sheet thinning and expansion, magnetic field stretching and dipolarization, particle injections,
and outward and earthward plasma flows. It is proposed here that, out to at least x -, -22 Re, these observed
phenomena result from amapping into the tail of the well-knownsubslorm current wedge that isobserved at syn-
chronous orbit. Magnetic perturbations of the current wedge ought to be associated with a longitudinal distortion
of the separatrix between open anddosed magnetic field lines. F.stimates based on observational evidence suggest
thai such a distortion can indeed account for tail phenomena during expansion phases, and that the distortion also
maps along magnetic field lines to the auroralbulge thai is observed in the ionosphere. The separatrix-distortion
hypothesis thus provides a plausible and unifying explanation for expansion-phase phenomena observed in the
auroral ionosphere, at synchronous orbil, and in the tail out fox ,,, -22 Re.

I. INTRODUCTION

Substorms have different signatures in different regions of the
magnetosphere. An important signature of the expansion phase
is the plasma sheet thinnings often seen near onset out to
x -- -22 Rc (the apogee of ISEE) via the transit of satellites from
the plasma sheet to the geomagnetic tail lobe [Hones et al., 1967;
Dandouras et al., 1986]. Such observations [e.g., Hones et al.,
1986] tend to show increased stretching of the magnetic field as
the plasma sheet thins. Thinnings are typically followed by plas-
ma sheet expansions later during a substorm [Hones et al., 1984].
In addition to the thinnings, dipolarization of the magnetic field
has also been reported near expansion phase onset out to
x -- -22R, [Fairfield et al., 1981; Huanget al., 1991]. Huanget al.
reported further that particle injections occur concurrently with
the dipolarizations, and that these events have characteristics
very similar to those observed at synchronous orbit. Such events
were found by Huang et al. to be common in the tail within ap-
proximately 3 hours of magnetic midnight.

It seems that acomplete description of substorm phenomenol-
ogy for the tail should account for the approximatelyequal prob-
abilities of observing either (a) plasma sheet thinning followed
by plasma sheetexpansion,or (b) dipolarization concurrent with
particle injection near substormonsetwithin a few hours of mid-
night. Such a description should also account for plasma flows
observed in the tail during substorms, which are occasionally

Magnetospherie Substorms
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outward as the plasma sheet thins but nearly always earthward
as the plasma sheet expands [Hones et al., 1973; Lui et al., 1977a,
hi.

Thinnings, followed by expansions, of the plasma sheet are of-
ten interpreted in terms of the temporal evolution of a neutral
line that forms earthward ofx - -22 P_ at onset [e.g., McPher-
ton, 1979; Honeset al., 1984]. However, this description does not
explicitly include dipolarizations and concurrent particle injec-
tions as a common occurrence out tox -, -22 P_.

In this paper, I consider the possibility that the tail phenomena
described above are the direct result of an extension into the tail

of the longitudinal structure of the substorm current wedge.
This structure has been invoked to account for magnetic obser-
vations at synchronous orbit [e.g., Nagai, 1982, 1987] and has
been proposed to be associated with the bulge in the auroral oval
that forms in the ionosphere [Restoker and Hughes, 1979; Tighe
and Rostoker, 1981]. The interpretation of tail phenomena pres-
ented here depends upon the proposal [Lyons et al., 1990] that
the longitudinal structure of the auroral bulge reflects a distor-
tion of the separatrix between open and closed magnetic field
lines, a distortion which is associated with the magnetic pertur-
bations of the substorm current wedge.

II. LONGITUDINAL STRUCTURE

Following the onset ofa substorm expansion phase, a region of
active aurora spreads poleward such that a portion of the aurora
extends into the polar cap region previously devoid of aurora
[Akasofu, 1964, 1977]. Images [Akasofu, 1977; Craven and
Frank, 1985, 1987; Rostoker et al., 1987] show that the poleward
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motion of a portion of the poleward boundary of the aurora of-
ten leads to a "bulge" in the auroral oval that protrudes into the

polar cap. This bulge feature is illustrated by the solid curve in
Figure 1, which is based on images presented in the above refer-
ences. During the substorm growth phase, which precedes the
expansion phase onset, the poleward boundary of the aurora is
approximately circular, as illustrated by the dashed line in Figure
1.

The distinctive evolution of the poleward boundary, as deter-
mined from Viking satellite images [Anger et al., 1987] during
the development of an auroral surge on September 24, 1986, is
shown in Figure 2 [from Lyons et al., 1990]. The heavy, solid
curves in Figure 2were obtained by drawing smooth curves along
the poleward boundary of identifiable aurora in each of a se-
quence of Viking images obtained apprc_timately once per min-
ute. For spatial reference, each panel in Figure 2 contains geo-
graphic coordinates, a bar identifying the magnetic meridian of
the Sondrestrom radar in Greenland, a dot along the bar giving
the location of the radar, and (for comparison with the later
curves) a thin, solid line marking the poleward boundary of the
aurora from an image taken I rain prior to the sequence of heavy
ctlr_S,

Figure 2 shows that, as the surge developed, the poleward
boundary of the aurora moved poleward at longitudes east of the
head of the surge and ¢quatorward at longitudes west of the head
of the surge. (The head of the surge, where the poleward bound-
ary of the aurora assumes an approximately north-south orienta-
tion, was located slightly to the west of the Sondrestrom meridi-
an in this case.) This motion of the poleward boundary gives a
significant longitudinal distortion of the boundary, which leads
to an auroral bulge of the sort illustrated by the expansion phase
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Fig. 2. Polcward boundary of identifiable aurora from a se-
quence of Viking images for September 24, 1986,obtained dur-
inga period of rapid development of an auroral surge near Son-
drestrom. Geographic coordinates arc used. The lighter curve
in each panel is from an initial image for comparison with the
boundary for the indicated UT. The bar identifies the field of
viewof the Sondrestrom radar along its magnetic meridian, and
the open circle on the bar givesthe radar location.
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Fig. 1 Sketch of the poicward boundary of the.auroral oval at
times during the growth phase of a substorm (just prior to expan-
sion phase onset) and during the expansion phase. The spatial
relation of the auroral bulge to the field-aligned wedge currents

ill and westward electrojet is also illustrated for the expansion
phase

boundary in Figure 1. This distortion usually begins in a relative-
ly narrow longitude sector and then expands both eastward and
westward.

If it is assumed that the poleward boundary of the aurora lies
along, or adjacent to, the separatrix between open and closed
magnetic field lines, then the development of an auroral bulge
must be associated with a corresponding distortion of the
separatrix. This same assumption was used by Craven and Frank
[1987] and Frank and Craven [1988] to estimate variations in the
area of open, polar cap field lines during substorms. It is not nec-
essary that the poleward boundary of the aurora lie precisely at
the separatrix for the inferred distortion of the separatrix to he
valid, but it is necessary that the boundary lie near the separatrix
and that the shape of the boundary approximate that of the
separatrix.

The western portion of an auroral bulge typically contains at
least one azimuthally localized surge having enhanced upward
held-aligned currents and auroral intensity. The field-aligned
current associated with a surge [Inhester et al., 1981; Opge-
noorth et al., 1983] is believed [Rostoker and Hughes, 1979;
Tighe and Rostoker, 1981] to be the dusk portion of the sub-
storm current wedgethat developsduring a substorm expansion
phase [McPherron, 1973; Baumjohann, 1983]. The current-

wedge includes an enhanced westward electrojct in the iono-
spherethat connects downward field-aligned currentsto thecast
and upward field-aligned currents to the west. The relation of

2
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the auroral bulge to the westward electrojet and the field-aligned
currents of the wedge is illustrated in Figure 1 for the idealized
case of a single surge near the western edge of the bulge region.

As illustrated in Figure 1, the distortion of the poleward
boundary of the aurora at the edges of the auroral bulge occurs in

the region of the wedge field-aligned currents. These field-al-
igned currents map along magnetic field lines into the magneto-

sphere, and their magnetic effects are readily observable in the
vicinity of synchronous orbit [e.g., Nagai, 1982, 1987].

Magnetic field lines in the tail become stretched away from the

Earth during a substorm growth phase. This stretching is partic-

ularly dramatic at synchronous orbit, where its signature is an in-

crease in the magnitude of B, and a decrease in the magnitude of
B: (GSE coordinates). At expansion phase onset, the magnetic
field at synchronous altitude returns to a more dipolar orienta-

tion within the longitude range spanned by the current wedge.
This reconfiguration is observed to begin in a relatively narrow

longitude sector near midnight and to then expand both east-

ward and westward [Arnoldy and Moore, 1983], as does the

auroral bu Ige. Particle injections are observed to accompany this
"dipolarization" of the magnetic field [Moore et al., 1981; Nagai
19821 .

During an expansion phase, the current wedge expands in lon-

gitude along with the magnetic field dipolarization. The occur-

rence of dipolarization at any particular longitude coincides with
the passage of the current wedge across that longitude. Such a

passage of the current wedge is identifiable by By perturbations
at the time of dipolarization. The magnetic perturbation is
northward at longitudes within the current wedge, which
changes the field to an orientation that appears more nearly

dipolar. Outside the current wedge, however, the magnetic field
perturbation is southward. This causes an increased stretching
of the field. Such stretching of the field outside the current

wedge after expansion phase onset has been observed by Nagai

[1982, 1987] and by Arnoidy and Moore [1983]. Gelpi et al.
[1987] compared the post-onset longitudes of stretching and di-

polarization at synchronous orbit to the longitudes of surges ob-
served on the ground. They found that the stretching occurred

west of the head of the surge and that the dipolarization occurred
east oftbe head of the surge, as is expected if the upward field-al-
igned currents were located near the head of the surge, as illus-

trated in Figure 1.

III. Exar_Nslos TOTHE T_au

S EPARATRIx-DISTOgrIONHYPOTHESIS

Assuming that wedge currents extend into the tail to distances
well beyond synchronous orbit, their magnetic effects ought to

be observable at such distances as well as near synchronous orbit.
In fact, Rostoker and Eastman [1987] and Eastman et al. [1988]
have reported clear magnetic signatures, which they attribute to

the current wedge, from ISEE atx = -15 R_ to -22R_ in the tail.
This offers a simple explanation for the magnetic field dipolari-

zations observed in the tail at substorm onset. Such dipolariza-

tions would he expected to occur at longitudes within the current

wedge that forms at onset. Plasma sheet thinnings, which are
also observed in tail, would thus be expected at longitudes out-

side the current wedge. Under this scenario, the "dipolariza-
tions" would not actually be a dipolarization of the entire mag-

netic field at longitudes within the current wedge unless the
northward Bz perturbation reduced the total cross-tail current.

However, the field would turn to a more dipolar orientation at an

observation location within the plasma sheet.

The changes in the magnetic field component approximately

normal to the cross-tail current sheet found by Huang et al.

[1991] after onset were AB, -5 - 10 nT Such perturbations can

be attributed to field-aligned currents - 1OSA [Lyons, 1991] if the

outward and earthward field-aligned components of the current

wedge are assumed to be separated by -2.5 Re. The Tsyganenko

[1987] model maps Ay = 2.5 R,. acro_ the tail atx = -15 to -22

Re to Ay - 1.25/_ atx = --6.6 R, and to Ay - 750km in longi-

tude in the auroral ionosphere [H. Spence, private communica-
tion, 1990]. The reduction in Ay by a factor of -2 between the

tail and synchronous orbit suggests that ABz would be - I0 - 20
nT at synchronous orbit if the field-aligned current magnitude
were the same there as in the tail. However, observations of Na-

gai [1987], which show that AB, is -30 - 40 nT at synchronous

orbit, suggest that pan of the field-aligned wedge current closes
at radial distances closer to the Earth than 15 Re. Nevertheless, a

significant portion of the wedge current appears to extend well
out into the tail.

Figure 3 shows a cross section of the geomagnetic tail and in-

dudes arrows which illustrate the magnetic perturbations from

the field-aligned wedge currents. As illustrated, the AB, pertur-

bations are perpendicular to the cross-tail current sheet. This

ABz should lead to an increase in closed magnetic flux at longi-
tudes spanned by the current wedge and to a decrease in closed

magnetic flux at longitudes outside the wedge. Thus, as the cur-

rent wedge forms during the substorm expansion phase, the

separatrix between open and closed magnetic field lines should
develop a bulge at longitudes within the wedge, as illustrated by

the expansion phase separatrix in Figure 3. Such a change in the
distribution of closed flux in the tail should develop along with

the formation of the current wedge.

A distortion of the separatrix in the tail, as illustrated in Figure
3, will map along field lines to the auroral ionosphere and pro-

duce a poleward protruding bulge at longitudes within the cur-

rent wedge. The amplitude of the bulge can simply be estimated

from flux conservation. Let us assume that the ABz = 10 nT

across the midplane of the tail within the current wedge, and that

this ABz extends over a 50 R, 2 area (Ay = 2.5 R, and Ax = 20

Re). This gives an additional closed magnetic flux A_) = 500 nT

/_2 within the current wedge. Since the vertical component of B

in the auroral ionosphere is about 5 x 10 "s T, the area of the bulge
there must he about 10-2 R_2( -. 4 x l0 s kin2). Using the mapping

of Ay = 2.5 Re in the tail to 750 km in longitudinal extent in the

ionosphere obtained from the Tsyganenko [1987] model, we ob-
tain that the auroral bulge ought to extend about 540km (-5 ° in

latitude) poleward of the poleward boundary of the growth phase

auroral oval. This is reasonable protrusion into the polar cap for
an auroral bulge.

The simple calculation above ignores By effects and the open-

ing of field lines at longitudes outside the current wedge (which
should he responsible for the equatorward motion of the
poleward boundary of the aurora outside the current wedge);

however, these corrections should be factor of -2 corrections.
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Fig. 3. Illustration of phenomena predicted to occur in the tail in association with the formation of the substorm current wedge.

Also, three-dimensional evaluations of magnetic field distortion
by the current wedge have been performed by Vasil'ev ct al.
[1986], and they obtained ionospheric mappings of the distortion
that appear realistic for surges. Thus, it appears that the magnet-
ic perturbations produced by the wedge currents can close suffi-
cient flux 1o account for the auroral bulge.

A simple calculation can also be performed to estimate the ex-
tent to which the distorted scparatrix extends into the lobes of
the tail. At a distance (- 15 R,) beyond which about one-half of
the wedge-produced flux A4) closes across the midplanc oftbe
tail, the portion of the distorted separatrix that extends into each
of the growth phase lobe regions must enclose -250 nT R, 2 of
magnetic flux. By takingB, to be 20 nT in the lobes and by taking
Ay = 2.5/_ as before, we find that the separatrix must extend =5
P_ into each of the pre-existing lobes. If the region of newly
closed field lines becomes filled with plasma sheet plasma, we
should expect an - 10 R_expansion of the total width of the plas-
ma sheet in the z-direction at longitudes within the current
wedge. We should furtber expect a significant thinning of the
plasma sheet outside the current wedge. Both the expected ex-
pansion and the expected thinning of the plasma sheet during
the substorm expansion phase are illustrated in Figure 3. The
current wedge and associated distortion of the scparatrix should
expand in both the + y and -y directions as the expansion phase
progresses.

IV. I_^TION OPTAILOSSEW^Ta_NStNTEAMS
OF SEPARATRIX DISTORTION

The distortion of the scparatrix illustrated in Figure 3 repre-
sents an extension oftbe known longitudinal structure of the cur-
rent _glg¢ and auroral surge into the tail, and it offers a possible
description of phenomena observed in the tail during the sub-
storm expansion phase.

At longitudes spanned by tim current wedge that forms at ex-
pansion phase onset, the magnetic field should appear to dipola-
rize and the induced electric field associated with the dipolariza-
tion should energize trapped particles. Satellites within the plas-
ma sheet and the longitude range of the current wedge at onset
should thus observe magnetic field dipolarization and concur-
rent dispersionless injections. Such events should be similar to
those observed at synchronous orbit. The observations of
Huang et al. [1991] are consistent with these expectations.

At longitudes outside the current wedge, the plasma sheet
should first thin as the amount of closed flux decreases. Thin-

ning should be observed close to the time of onset if the space-
craft longitude is sufficiently near (within a few Re of) the current
wedge. It should be observed later during the expansion phase at
more distant longitudes. This latter expectation is consistent
with the recently reported ISEE observation [Hones et al., 1990]
that a tail plasma sheet thinning observed at 0130 MLT occurred
20 rain after the onset of a substorm on May 4, 1986. Thinning
should lead occasionally to a very thin plasma sheet outside the
current va_lge after onset. Indeed, very thin cross-tail current
sheets (-400 km) have been reported by McPberron et al. [1987]
and Mitchell ctal. [ 1990] to occur after onset but prior to dipola-
rization in the near-Earth tail 0c - - 12 R,). Particle data ob-
tained during the time of the observations of Mitchell et al. indi-

cate that the thin current sheet had developed to the cast of the
expansion phase current wedge [Williams ct al., 1990].

Following the thinning of tbe plasma sheet at any particular
longitude, the plasma she.ct should expand in z as the field-al-
igne.d current of the current wedge moves across that longitude.
This scenario is consistent with the observation that tbe tail plas-
ma sheet thins and tben eapands after expansion phase onset.

The present model may also account for outward flowing plas-
ma at the edge of the rapidly thinning plasma sbect. Outside the
current wedge, the ionospberic mapping of tbe separatrix be-
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tween open and closed field lines moves equatorward in re-

sponse to the decrease in Bz across the midplane of the tail. If the
separatrix moves equatorward faster than does the convecting

plasma, then the separatrix will overtake the convecting plasma,

thereby transferring plasma from closed field lines to open field

lines [Lyons et al., 1989]. Such a transfer of plasma can be visual-

ized as "reverse reconnection." It would require that the induced

electric field exceed the convection electric field at the tail mag-

netic X-line, so that E.J < 0 there [Vasyliunas, 1984]. Even with-
out this, longitudinal drift in the tail could carry energetic par-

ticles across the distorted separatrix and lead to their appearance

as bursts of flowing particles on open field lines.

The plasma and/or energetic particles transferred to open

field lines will be lost from the magnetosphere by flowing out-

ward along open field lines that lie adjacent to the separatrix, as

illustrated by the small shaded regions in Figure 4. Such outward

plasmas flows should occur only as the plasma sheet in the tail

thins and not as it expands. Flows observed at the outer bound-

ary of the plasma sheet [Hones et al., 1973; Lui et al., 1977a, b]

are consistent with this prediction. Also, the observations in Fig-

ure 2 show that rapid equatorward motion of the poleward

boundary of the aurora occurred just to the west of the head of

the developing surge, which was located near the Sondrestrom

radar. The boundary moved equatorward by about 250 km be-

tween 2245:41 UT and 2248:39 UT, which corresponds to a speed

of - 1.4 km/s, which was considerably faster than the equator-

ward plasma drift measured by the radar along the radar magnet-

ic meridian at approximately the same time [Lyons et al., 1990].

We thus presume that plasma was transferred from closed to

open field lines over this longitude range at that time, which

would have lead to outward plasma flows in the tail.
The above discussion provides an interpretation of general tail

phenomena observed during substorm expansion phases in

terms of the separatrix-distortion hypothesis. It thus provides a

means for re-interpreting detailed sets of data that have been ob-

tained in the tail during specific expansion phase events and in-

terpreted in terms of the temporal formation and movement of a

near-Earth neutral line. It would be profitable to reexamine
such data to see whether they can be interpreted alternatively (or

better) in terms of separatrix distortion. Here, I consider two
such data sets.

April 24, 1979

A substorm having an onset between 1111 LIT [Eastman et al.,

1988] and 1112 LIT [Hones et al., 1986] on April 24, 1979,

(CDAW 7) has been the subject of several papers. Figure 4, from

Hones et al., shows ISEE 2 magnetic field, ion pressure, and ion
flow data for a time interval that includes the substorm. Follow-

ing onset, the ion pressure first went up, and then decreased be-

low the level of detectability by about 1116 UT as the satellite
went into the lobe. The satellite reentered the plasma sheet just
after 1140 LYE. The exit of the satellite from the plasma sheet was

presumably the result of plasma sheet thinning, and the return of

the plasma sheet to the satellite was presumably the result of

plasma sheet expansion. Plasma flow was outward at the outer

boundary of the thinning plasma sheet and earthward at the out-

er boundary of the expanding plasma sheet. According to the
interpretation of Hones et al., a neutral line had formed earth-

ward of the satellite at substorm onset so as to produce the plas-

ma sheet thinning and associated outward flows. The later ex-

pansion of the plasma sheet was interpreted as the result of a tail-
ward retreat of the neutral line.

However, the observations in Figure 4 are equally consistent

with the separatrix distortion hypothesis. The satellite was at
y - 5 R,., and thus could reasonably have been west of the cur-

rent wedge that formed at onset. Consistent with this expecta-

tion, B, went negative as the plasma sheet thinned soon after on-

set. This is what would be expected from the opening of field
lines west of the current wedge. The plasma sheet appears to

have thinned rapidly and thus could have left previously trapped
plasma on freshly opened field lines. This interpretation would

account for the outward flows associated with the plasma sheet

thinning in Figure 4. (At the end of the period of outward flow,

I

tit,

IONFLOW _,Vlqr .,'_--

* *1 '20UT 1100 11
XsM(RE)-20.0 -20.0
YsM(RE) 4.9 4.8
dZsu(_)0.78 0.S2

! !

1140
-19.9

4.7
0.28

Fig. 4. Magnetic field, ion pressure, and ion flow data obtained

from ISEE 2 during a substorm on April 24, 1979. Expansion
phase onset (1112 UT) is indicated. The satellite position is giv-

en along the bottom of the figure, where dZ is the distance above
an estimated position of the tail current sheet (from Hones ct a].

[1986]).
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Fig. 5. observations from a 10 rain interval that includes the times of onset and plasma sheet thinning of the April 24, 1979, sub-
storm. Simultaneous ISEE 1and ISEE 2 magnetometer data, as well as the orientations of the outer boundary of the plasma sheet in
the y,z plane, are from Kettmann et al. [ 1900]. Approximate time of the dropout of plasma sheet particles arc from Figures 6 and 8 of
Hones ctal. [ 1986]. Both Hones ctal. and Kettmann ct al. found outward-going energetic particles for a time after 1116 UT on ISEE
Z Locations of the two spacecraft in the y,z-plane, relative to the center of the outward field-aligned currcnt distribution, arc based
sod on Eastman et al. [1988]. Separatrix configurations and locations arc based on the scparatrix-distortion hypothesis. In both the
boundary orientation and the spacecraft location diagrams, dusk (positive y) is to the left.

during the interval 1116:00 to 1116:30 LIT,there wcrc no observ-
able earthward going ions [scc Figure 9 of Hones et al., 1986];
this is difficult to explain solely in terms of the boundary layer
dynamics model of Rostokcr and Eastman [1987][ The By per-
turbation near onset su_ests that the satellite was located quite
near the initial location of the field-aligned currents.

Expansion of the plasma sheet in z about 25 rain later can be
sccn to have been accompanied by a positive change in El,and a
significant By perturbation. This is consistent with the passage of
the outward field-aligned wedge currcnt across the longitude of
the satellite at that time. Earthward flow is ob_rved along the
outer boundary of the expanding plasma sheet, as woukl be ex-
pectedfor the usualplasma sheetboundary layer [Eastman el aL,
1984]. This flow most likely resultedfrom interactions with the
distant cross-tail current sheet [Lyons and Speiscr, 1982].

Figure 5 summarizes ob¢_rvationsfrom a 10min interval that
includes the time of plasma sheet thinning. The simultaneous
ISEE 1 (solid curve) and ISEE 2 (dashed curve) magnetic field
data and the orientations of the outer boundary of the plasma
sheet in the y,z plar¢ (as inferrcd from ISEE 1 energeticparticle
observations)am from Kettmann et al. [1990]. The approximate
time of the dropout of plasma sheet particleson ISEE 1 and 2
wasobtaine,d from Figures 6 and 8 of Hones et al. [1986]. Both
Hones et al. and Kettmann et al. found outward-going energetic
particlesafter 1116 LIT at ISEE 2. The diagramsat the bottom of
Figure 5 show the locationsof the two spacecraft in the y,z plane
relative to the center of the outward field-aligned current distri-
bution. The_ locationsarc basedon the analysisof Eastman et
al. [1988]. The separatrixlocationsand configurations in thedia-
grams arc based on the separatrix distortion hypothesis dis-

_ I
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cussed here. Dusk (positive y) is to the left in both the boundary
orientation and the spacecraft location diagrams.

At ISEE 1, B, remained approximately at its lobe value
throughout the entire time interval included in Figure 5. This
implies that ISEE 1 remained near the outer boundary of the
plasma sheet until about 1116 UT, when it entered the lobe.
Consistent with this interpretation, earthward plasma flows typi-
cal of the plasma sheet boundary layer were observed on ISEE 1
during the interval 1111-1113 UT [see Figure 13 of Eastman et
al., 1988]. Before the substorm onset, ISEE 2 was also near the
plasma sheet boundary; however, after onset, ISEE 2 went fur-
ther into the plasma sheet for a few minutes, asindicated by the
increasein plasma pressure[Hones et al., 1986] and concurrent
decrease in Bx.

Figure 5 shows that after onset, Bz remained positive at ISEE 2,
but decreased and became negative by about 1113 UT at ISEE 1.
Also By became increasingly negative at ISEE 2 but remained
approximately constant at ISEE 1. These observations suggest
that the outward field-aligned current at onset was centered at a
longitude between the two spacecraft and at about the same z
value as ISEE 1. This position is shown in the leftmost diagram
at the bottom of Figure 5. The B, perturbation associated with
the wedge current is expected to have dosed field lines at the lon-
gitude of ISEE 2 but to have opened field lines at the longitude of
ISEE 1. Thus, the magnetic separatrix should have moved closer
to ISEE 1 after onset, but should have moved farther above
ISEE Z These motions would have distorted the magnetic
separatrix in the manner shown in the diagram. In particular, the
separatrix shouldhave slopedtowards positive z with decreasing
y in the vicinity of the outward wedgecurrent at thistime (- 1112
-1115 UT_ This is opposite to the slopenormally expected on
the dusk side of midnight. Kettmann et al. [1990] inferred the
orientation of the outer boundary of the plasma sheet for times
just after onset. As is shownnear the middle of Figure 5, the in-
ferred boundary orientations havethe sameunexpectedslopeas
predicted by the separatrix distortion hypothesis!

A few minutes after onset (about 1115 UT), Bz also became
negative at ISEE 2. Eastman et al. [1988] interpreted this to
mean that the center of the outward wedge current moved to-
wards the midnight meridian (opposite to the expected direc-
tion), as sketched in the middle two diagrams at the bottom of
Figure 5. As this movement occurred, the plasma sheet would be
expected to thin at the longitude of ISEE 2. Consistent with this
expectation, B, goes up and the plasma pressure goes down
[Hones et al., 1986] at ISEE 2 soon after B, becomes negative.
Thinning of the plasma sheet continued after this time at least
until - 1116 LIT,when both spacecraft entered the lobe. At ISEE
2, tailward-going energetic particles are seen for a few minutes
following 1116 LIT,as if the rapid opening of field lines had left
some particles on freshly opened field lines.

The above discussion suggests that the detailed observations
around the time of onset oftbe substorm on April 24, 1979, can
be understood clearly in terms of the separatrix-distortion hy-

pothesis.

May 3, 1986
Another substorm that has been studied in detail is one with

an onset at 0919 UT on May 3, 1986 (CDAW 9). Ground based
magnetograms from Alaska, together with magnetic field and 6

keV electron data from ISEE 1 for the period 0900 LIT to 1030
LIT (from Hones et al. [ 1987]) are shown in Figure 6. Hones et al.
suggested that a new neutral line had formed just tailward of
ISEE 1at onset, and that this neutral line had begun to retreat
tailward at 1003 LIT. However, the data shown in Figure 6 are
also consistent with the separatrix-distortion hypothesis.

The H-component magnetogram data in Figure 6 show that
electrojet activity began near the onset time at about 65" geo-
magnetic latitude. Activity then moved poleward, and multiple
particle injections (at 0919, 1936, and 0942 LIT) were seen in syn-
chronous orbit data presented by Hones et al. [1987]. While
electrojet activity at lower latitudes decreased after about 0953
UT, activity at 71" latitude continued to increase, especially after
1003 UT.

During this time interval, ISEE 1 was located 3.5/_ west of
midnight, and the 6 keV electron data indicate that the plasma
sheet gradually thinned at that location from 0920 to 0930 UT.
This thinning would be expected if ISEE were well to the west of
the expanding substorm current wedge. The measured Bz de-

0900 0930 1000 1030
UT

XGSu --16.1 --16.5 --16.9 --17.2
YGSM 3.5 3.4 3.3 3.2
ZGSM --0.7 --0.5 --0.4 --0.2

dZGsM --2.2 --2.3 --2.5 --2.6

?
2OO
nT

Fig. 6. Ground-based magnetogram data and ISEE 1 magnetic
field and 6-keV electron data for the period of the substorm on
May 3, 1986 (from Hones et al. [1987]).
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creased very slightly during this period of time; however, it is dif-
ficult to determine whether this decrease is significant. Later,
the plasma sheet expanded in z back over ISEE 1, initially be-

tween 1002 UT and 1004 UT, and finally during the period 1006
UT to 1012 UT. During these two time intervals, the magnetic
field data at ]SEE showed positive B: and negative By perturba-

tions. This is consistent with what would be expected if the cur-
rent wedge had expanded irregularly across the longitude of

ISEE I during this time period.
Viking images of the aurora are available for this substorm pe-

riod, starting at 0930:19 UT (see Figure 3 of Hones et al. [ 1987]),

and Hones et al. [1990] found a very interesting association be-
tween the auroral evolution and the expansion of the plasma
sheet. They noted that an auroral surge intensified and moved
westward from 1003 UT to 1009 UT. This time interval corre-

sponds to the time of enhanced electrojet activity at 71" latitude
mentioned above. The surge was located between 70" and 75"

invariant latitude, and field line mapping performed by Hones e[

al. [ 1990] suggests that the surge moved westward across the field
line ofISEE 1 at about the time that the plasma sheet expansion
was observed. This is just what is expected if the current wedge,

and thus the associated distortion of the separatrix and poleward
boundary oftbe aurora, moved across the longitude of ISEE dur-

ing this time period.
The above association between an auroral surge observed in

the ionosphere and the plasma sheet expansion and B: changes

at ISEE are essentially the same as the association observed at

synchronous orbit by Gelpi et al. [1987] between auroral surges

and the substorm current wedge. This supports the hypothesis

that substorm phenomena observed in the tail out to at least

x - -22 R_ result from the extension into the tail of the longitudi-

nal structure associated with the current wedge that is observed

at synchronous orbit and in the auroral zone.

V. CONCLUSIONS

Tail phenomena that occur out to at least x -- -22 Re during the

expansion phases of substorms, previously interpreted in terms
of a near-Earth neutral line that forms at onset and later moves

outward, can be understood alternatively in terms of a distortion
of the magnetic separatrix by the substorm wedge current.

Moreover, the auroral bulge that develops during a substorm ex-
pansion phase can be understood as the ionospheric mapping of

tic distorted separatrix [Lyons et al., 1990]. Since distortion of
the separatrix should result from magnetic perturbations asso-
ciated with the wedge currents, the distortion should expand in
longitude as the current wedge expands. A significant portion of

the field-aligned _.dge current must extend out to at least

x -- -22 Re under this hypothesis, though part of the wedge cur-

rent may well close nearer than this to the Earth.
The separatrix-distortlon hypothesis accounts for the approxi-

mately equal probabilities of observing m agnetic field "dipolari-

zation" accompanied by particle injection and of observing plas-
ma sheet thinning followed by plasma sheet expansion. Either
phenomena may occur near subs[otto expansion phase onset
within a few hours of midnight. Field dipolarization and concur-

rent particle injection are expected to occur at longitudes
spanned by the current wedge that forms at onset. Thinnings,

which should be accompanied by enhanced stretching of the

magnetic field and perhaps by negative Bz, should be observed
outside the current wedge. Since the current wedge expands in
longitude with time, thinnings should be followed by dipolariza-

tions and concurrent plasma sheet expansions. Thinnings may
be observed near the time of onset at longitudes near the initial

range spanned by the current wedge. However, both thinnings
and expansions should be increasingly delayed relative to onset

with increasing longitudinal displacement from the initial loca-
tion of the current wedge.

Outward plasma flows can also be explained within the context
of the separatrix-distortion hypothesis. Such flows would be ex-

pected to develop if closed field lines containing trapped plasma
become open at a rate faster than the rate at which plasma is con-

veered towards lower latitudes. This would allow previously
trapped plasma to escape the tail along freshly open field lines.

Even if this condition for outward plasma flow were not met, lon-
gitudinal drift in the tail could carry energetic particles across the

distorted separatrix and lead to their appearance as bursts of par-
ticles flowing outwards along open field lines.

Separatrix distortion offers a unifying explanation for expan-
sion phase phenomena observed in the auroral ionosphere, at
synchronous orbit, and in the tail out to at leastx - -22 R,. The

cause of expansion phase onset has not been considered here,
but the separatrix-distortion hypothesis may well be compatible

with proposed causes, such as enhanced reconncction associated
with the formation of a neutral line somewhere in the tail [Coro-
niti, 1985], instability arising from magnetosphere-ionosphere

coupling processes [Kan and Kamide, 1985; Rothwell et al.,
1986], and thermal catastrophe [Gocrtz and Smith, 1989]. To be

consistent with the separatrix-distortion hypothesis discussed
here, neutral line formation at substorm onset would have to oc-

cur either outside the longitude range spanned by the current
wedge or beyond x - -22 Re.
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